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Measurement of uranium and its isotopes at trace levels in
environmental samples using mass spectrometry
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Abstract : Actinides have widely entered the environment as a result of nuclear accidents and atmospheric
weapon testing. These radionuclides, especially uranium, are outstanding radioactive pollutants, due to their high
radiotoxicity and long half-lives. In addition to this, since depleted uranium (DU) has been used in the Balkan
conflict in 1999, there has been a concern about the possible consequences of its use for the people and
environment. Therefore, accurate, precise and simple determination methods are necessary in order to evaluate
the human dose and the concentration and effects of these nuclides in the environment. The principal isotopes
of uranium e.g. 235U and 238U are of primordial origin and 234U present in radioactive equilibrium with 238U. 236U
occurs in nature at ultra trace concentrations with a 236U : 238U atom ratio of 10–14. Concentrations of uranium in
soil samples were determined using inductively coupled plasma mass spectrometry (ICP-MS) and isotope ratios
of uranium were measured using a thermal ionisation mass spectrometer. Radioactive dis-equilibrium of 234U238U,
depletion of 235U238U and significant evidence of 236U238U were noticed in soil samples.
Keywords : Soil, 234U, 235U, 236U, 238U, DU, ICP-MS, TIMS.
PACS Nos. : 91.67.Qr, 07.75.+h, 92.60.Sz
1. Introduction
Uranium is the heaviest naturally occurring element in actinide series of the periodic
table. Small traces of naturally producing uranium nuclides resides or are being
generated in nature, but overwhelming “weight” of environmental inventories is derived
from human activities. These are related mainly due to nuclear fuel cycle and military
applications. Uranium is ubiquitously present in the Earth’s crust, depending on the
geological location, its concentration in the surface soil vary from 0.1 mg kg–1 to 20
mg kg–1 with a world average of 2.8 mg kg–1 (activity 35 Bq kg–1) [1]. It enters the
aquatic environment and air due to leaching and re-suspension processes. Its
concentrations in various environmental samples have been given in Table 1. Uranium
can be found in rocks including granite, metamorphic rocks, lignites, monazite sand
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shales and phosphate deposits [2]. The element is categorized both as a heavy metal
(silvery white, specific gravity, 18.9 g cm–3) with a chemical toxicity (mainly nephrotoxicity)
and as a weak radioactive element [3]. Uranium(IV) and uranium(VI) are the most
probable forms present in minerals such as uraninite (UO2), carnotite [K2(UO2)(VO4)2]
and pitchblende (variety of UO2). In oxidizing conditions, uranyl ion (UO22+) is the most
stable with high solubility and can be easily transported. The hexavalent state which
is typically found as di- or tri-uranyl carbonate anions are soluble over a wide range
of conditions and therefore of utmost concern in drinking water [4]. U(IV) under reducing
conditions (anoxic waters and sediment) has a strong tendency to bind to organic
material and precipitate, and rendered immobile. Metallic U and particles of insoluble
U compounds are not very bioavailable.
Uranium is becoming an increasingly important component in the nuclear waste
due to its release into the environment during nuclear accidents (e.g. Windscale, 1957;
Three Mile Island, 1978; Chernobyl, 1986; Kosovo conflict, 1999). In the USA, uranium
contaminated soils are commonly found at several US Department of Energy (DOE)
facilities that had been used for uranium enrichment and weapons production [5,6].
Exposure of these soils due to acidic precipitation may enhance the mobility of
uranium in the soil environment and represents a potential source of ground water
contamination during natural leaching episodes. In addition, wind erosion of these soils
represents a human health risk via inhalation of contaminated dust particles. Radionuclides
from the uranium and thorium decay series are present in soil and their gamma
radiation causes external exposures with the consequent absorbed doses. The penetration
range of a particle of about 5 MeV energy is approximately 4 cm in air and 50 m
in soft tissue. Therefore, they are unable to penetrate the outer keratin layer of human
skin, but if ingested or inhaled, they contribute significantly to the radiation dose
humans receive. Prolonged exposure to alpha emitter may account for an increasing
Table 1. Concentration ranges of uranium in the environment.
Matrix Typical concentration range Activity
Earth’s crust 1.1–10 mg kg–1 13.5–125 Bq kg–1
Soil 0.1–20.0 mg kg–1 1–250 Bq kg–1
Agriculture soil 0.2–18 mg kg1 2.5–225 Bq kg–1
Phosphate fertilizers 20–300 mg kg–1 250–375 Bq kg–1
Basic ingenious rocks 0.1–1.3 mg kg1 1–30 Bq kg–1
Uranium ores (0.5–30% U) 10.000–300.000 mg kg–1 6.2×105–3.7×107 Bq kg–1
Granite 2–6 mg kg–1 25–75 Bq kg–1
Seawater 1.0–3.3 g L–1 12–40.5 mBq L–1
Surface water 0.1–8 g L–1 1–90 mBq L–1
Groundwater <1–12 g L–1 <1–150mBq L–1
Natural water <1–100 g L–1 1–1250 mBq L–1
Ambient air 0.02–0.40 ng m–3 0.02–50 Bq m–3
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incidence of lung cancer among mine workers. High amounts of radon have also been
found in areas where uranium minerals are present.
The natural abundances of three primary uranium isotopes 234U, 235U and 238U
as well as specific activity and relative weights are summarized in Table 2 [7]. 238U
Table 2. Characteristics of uranium isotopes in natural uranium.
Isotope Half-life Relative mass Radioactivity Decay energy Specific activity
(Years) (%) (%) (MeV) (Bq g1)
234U 2.445×105 0.0053 48.9 4.8  231.3×106
235U 7.04×108 0.711 2.2 4.4  80.01×103
0.21
238U 4.47×109 99.275 48.9 4.2  12.44×103
and 235U are the parent nuclides of two independent decay series of isotopes before
terminating in stable, non-radioactive lead isotopes 206Pb and 207Pb, respectively,
whereas 234U is a decay product of the 238U series. Precise measurement of the
relative abundances of naturally occurring radionuclides, such as the isotopes of
uranium, in the natural series of radioactive decay originating with 238U, have been used
to study a wide variety of problems in geology, hydrology and environmental science
[8]. The isotope ratios of uranium in natural samples are summarized in Table 3.
Table 3. Uranium isotope concentration ratios in natural samples.
Ratio Atomic Activity Samples
235U238U 7.25 × 10–3 Soil, rock, water
235U238U 0.046 Soil, water
234U238U 5.54 × 10–5 0.5 – 1.2 Soil
234U238U 0.8 to 10 Water
234U238U 1.07 to 1.16 Food products
234U238U >0.5 Air particles
236U238U 1.2 × 10–11 to 6 × 10–10 Natural uranium ores
UTh 0.20 Earths crust
235U is of special significance as source material for nuclear reactors. Thus, the 234U/
238U ratio serves as an indicator for radioactive equilibrium or disequilibrium in natural
samples, while 235U238U ratio deserves grave attention in relation with enrichment or
depletion of 235U in nature. DU is a by-product of manufacture of nuclear fuel in nuclear
reactors and nuclear weapons. DU contains reduced amounts of the isotopes of 234U
and 235U. Anthropogenic uranium also contains ultra-trace quantity of 236U and produced
by neutron capture of 235U in nuclear industrial processes. Therefore, 236U can be used
as a “fingerprint” for the presence of uranium in the environment that originates from
a nuclear reactor. In this regard, it has substantial advantages relative to anthropogenic
238U and 235U both isotopes are quickly diluted by the natural background in soils and
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sediment making them unsuitable markers for the spent uranium released into the
environment [9]. Needless to say, the isotopic measurement with higher precision
provides us with more valuable information.
In the past, methods used to determine 234U238U were either based on alpha
spectrometry [10–12] or mass spectrometric studies [13–15]. However, alpha spectrometric
determination does not have the sensitivity or precision to detect minute level
contamination. Low levels of 236U likely to be encountered in soil samples cause
difficulty in alpha spectrometry measurement. Also, the -particle energy of 236U is very
close to 235U, alpha spectrometry is not practicable. In addition, the concentration of
236U in environmental samples is below the detection limit for alpha spectrometry,
therefore a mass spectrometry technique needs to be used. In recent years, high
precision uranium isotopic measurements are in rapid process to measure 234U238U
ratio using multiple collector inductively coupled plasma mass spectrometry (MC-ICP-
MS) [16] and thermal ionisation mass spectrometer equipped with WARP energy filters
[17,18]. Multi-collector TIMS techniques, where the high abundance 238U isotope is
collected by Faraday collector and the low intensity isotopes (234U and 236U) are
collected in ion multiplier channels equipped with ion counting systems, allow static
data collection without loss of data collection time when jumping between masses. The
TIMS measurements produced data with much better precision than conventional alpha
counting methods and reduced the sample amount as well as time required for
analysis.
The sample preparation procedures are critical analytical steps and influence the
quality of the final results. The representative of samples examined, a digestion
procedure which ensures the quantitative conversion of uranium and thorium into a
suitable complex and elimination of matrix effects, are essential while measuring
uranium isotopes, especially in the analysis of environmental materials. Special
procedures for the purification of reagents and reaction vessels are required in order to
reduce the blank below the limits of detection of the most sensitive detection
techniques, such as ICP-MS or TIMS.
This paper reports a chemical procedure for determination of U and Th from soil
samples using ICP-MS and isolation of uranium based on extraction chromatography
followed by precise determination of uranium isotopic composition (234U238U, 235U238U
and 236U238U) using TIMS equipped with a WARP filter. TIMS shows the highest
precision and accuracy and capable of detecting depleted uranium in soil samples
affected due to conflicts in addition enhanced level of 236U as an indicator.
2. Materials and methods
2.1. Instrumentation :
ICP-MS (Helwett Packard–4500) was used for the determination of 238U and 232Th in
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soil samples which yielded detection limits of 0.01–0.003 gL. The parameters for
data acquisition and optimization conditions are reported in Table 4. Under these
analytical conditions, the oxide formation level of Ce was found to be 0.4–2.0% (CeO+/
Ce+). An internal standard, Rh, was used to assess any changes in analytical signals
Table 4. ICP-Mass spectrometer operating conditions and
acquisition parameters.
Plasma
Frequency (MHz) 27.12
RF power (kW) 1.30
Argon flow (L/min)
Plasma 15.0
Auxiliary 1.0
Carrier 1.2
Nebulizer Babington type
Sampling distance (mm) 6.0
Sample uptake rate (ml/min) 0.4
Data acquisition
Mode Peak jumping mode
Number of points per peak 3
Number of scan sweeps 100
Dwell time per point (s) 0.3
Scan mass range (a.m.u.) 103-238
during measurement. Standard solutions were prepared from SPEX multi-element
Plasma standards (SPEX Industries, Inc.,) and used to derive calibration curves.
Standard reference materials were used to validate the analytical procedure. Sediment
sample, JLK-1 was used for soil analysis. The precision calculated using three
independent runs were better than 5% RSD with a comparable accuracy. Analytical
errors for measured values were less than 10% of the certified values.
The isotope ratios of uranium were measured on a single focusing VG Sector
54-30 thermal ionization mass spectrometer (TIMS) at National Institute of Radiological
Sciences. The instrument is equipped with new bucket type nine Faraday collectors
and a Daly ion-counting system detector positioned behind axial Faraday and WARP
filter. Signals from the Daly detector are received by an EG&G Ortec 9302 amplifier
discriminator and EG&G Ortec 996 ion counter/timer.
2.2. Reagents and standards :
High purity water was obtained with a Millipore Milli-Q water purification system.
High purity HCl, HNO3, HF and HClO4 were purchased from Tamapure Chemical
Industries (Kawasaki, Japan). The strong anion exchange resin Dowex 1X-8 (200–400
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mesh, CI– form) was purchased from Bio-Rad Labs (Richmond, CA). It was soaked in
6 M HNO3 and subsequently washed with distilled water. Commercial extraction
chromatographic resin, UTEVA was purchased from Eichrom Industries (Darien, IL) and
consists of a neutral organophosphorus diamyl amylphosphonate extractant adsorbed
onto an inert polyacrylamide support. It was conditioned with 7 M HNO3.
2.3. Sample description :
NBS U010 was used to check the accuracy of the calibration and optimisation of
procedures. Two uranium ores and eight soil samples were chosen for this study :
sediment reference material supplied by Geological Survey of Japan (JLK-1) taken at
Lake Biwa (35°1442 N, 136°0314 E), 3.8 km off Takashima, Shiga Prefecture, with
water depth of 63 m and seven soil samples from the south Serbia near a penetrator
at target site. Sediment sample, JLK-1 and soil samples were dried at 80 ± 5°C. After
homogenisation, 500 mg of soil sample was digested using a closed vessel (PTFE
vessels) microwave unit (MLS 1200 mega, Italy). After digestion, samples were
evaporated to dryness on a hot plate and the residue was dissolved in 5% HNO3 to
yield a sample solution [19].
2.4. Chemical separation :
We used a combination of anion exchange and extraction chromatography with a little
modification of the earlier methods [20,21]. The first column was prepared by using
precleaned anion exchange resins (Dowex 1X-8, 200–400 mesh, CI– form) and packed
into 2 cm i.d. Pyrex columns up to a height of 6 cm and a second (1.0 × 0.5 cm
internal diameter) column containing Eichrom UTEVA resin. Both the columns were
conditioned by passing 20 ml of 7 M HNO3. The dissolved sample was transferred to
anion exchange column and the eluent was subsequently passed onto the UTEVA
column. Both the columns were washed with 10 ml of 7 M HNO3 followed by 20 ml
of 3 M HNO3.
Uranium was eluted from UTEVA column using 5 ml of 0.02 M HCl. Concentration
of eluent was adjusted to 9 M HCl. The resulting solution was loaded onto an anion
exchange column preconditioned with 9 M HCl and washed with 10 ml of 9 M HCl.
Finally, U was eluted with 10 ml of 0.02 M HCl and the eluent was evaporated to
dryness in a Teflon beaker. Recovery of uranium from the samples is about 80–90%.
2.5. Mass spectrometry :
A triple filament assembly was used for the thermal ionization of uranium isotopes. The
filament material was 5 pass zone refined rhenium ribbon (H. Cross, 99.999%) with
0.003 cm thickness and 0.07 cm width. Triple Re filaments were prepared by
degassing for 1 h with a 4 A current under a vacuum better than 5 × 10–6 mbar. The
pure isolates were dissolved in nitric acid and mounted, by evaporation, on the side
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filament of a triple filament. In case of triple filament assembly, sample is not directly
ionized from the centre filament which ionizes and has been noticed that mass
fractionation is slower than that for a single filament [22]. The centre filament was
heated to produce 187Re ion current of 0.2 V and then the side filaments were heated
to produce ion current of 0.03 V for 235U. Uranium masses 234, 235, 236 and 238
were measured dynamically using Daly-ion counting and Faraday cup collectors with
mass jumps. 234U238U, 235U238U and 236U238U isotope ratios were determined by
static data collection on the Daly-ion counting and Faraday cup collectors. All ratios
were taken as the grand mean of 7 blocks of 10 measurements over a period of 80
minutes. The vacuum during data acquisition was better than 2 × 10–8 mbar in the flight
tube as well as ion source. Accuracy and precision of uranium isotope ratios
measurement depends on the linearity of the detection system and mass fractionation
of the isotopes during the run. The advantage of WARP filter is the enhanced
transmission (~100%) of U+ ion, abundance sensitivity of 10 ppb at 1 amu with respect
to 238U and the suppression of tailing effect of adjacent strong ion.
3. Results and discussion
The results of the concentrations of uranium and thorium measured by ICP-MS in
different soil samples are summarized in Table 5.
Table 5. ICP-MS determination of uranium and thorium in
South Serbia soil samples.
Sample Uranium Thorium UTh ratio
ID (ppm) (ppm)
JLK 3.58 ± 0.021 20.1 ± 0.38 0.18
Ser 1 2.36 ± 0.07 15.03 ± 0.72 0.16
Ser 2 5.86 ± 0.11 10.26 ± 0.13 0.57
Ser 3 4.22 ± 0.16 11.32 ± 0.28 0.37
Ser 4 11.97 ± 0.14 16.74 ± 0.44 0.72
Ser 5 10.14 ± 0.18 13.04 ± 0.34 0.77
Ser 6 8.14 ± 0.16 12.41 ± 0.23 0.66
Ser 7 4.81 ± 0.17 13.56 ± 0.24 0.35
We have studied the total concentration of U and Th collected from selected soil
samples around target area. The mean concentration of U varied from 2.30 ± 0.07 to
11.97 ± 0.14 ppm whereas Th varied from 10.26 ± 0.13 to 16.74 ± 0.72 ppm. It was
not possible to examine contamination due to uranium from natural uranium concentration.
While considering the possible contamination from the data of total uranium concentration,
it is quite obvious to use Th data for comparison. Wedepohl has reported UTh ratio
as 0.20 and has used mean concentration of U and Th in the Earths crust are 1.7
mg g–1 and 8.5 mg g–1 respectively [23]. If we compare our data, certified reference

material, JLK-1 is close to 0.20 whereas south Serbian samples are relatively higher
than 0.20. There was a larger variation with ratios and excess U might be due to the
inherent natural content of uranium or anthropogenic activities or may be attributed to
penetrators used during Balkan conflict.
The reproducibility and accuracy of the method were verified by analyses of a
certified standard reference material, NBS U010. The results of our measurement for
isotope ratios such as 234U238U, 235U238U and 236U238U compared to the certified
values are given in Table 6 using a WARP energy filter. The results were found to be
in good analytical agreement. Thus, the measurements of the isotopic ratio in the
reference materials demonstrate that isotopic fractionation, if occurring in the system,
is less than the uncertainty in the measurement.
Table 7. Isotope ratios of uranium measured from two uranium ores.
Sample name 234U238U 235U238U 236U/238U
Faraday mine (Canada, Bancroft) 0.0000544(51) 0.0072560(32) 1.59136(67) × 10–8
Mistamisk (Canada, Labradore)  0.0000544(46)  0.0072553(39)  8.145183(59) × 10–9
Analytical uncertainties are expressed as 2m.
Table 6. Isotopic composition of uranium NBS 010 reference sample measured by NIRS TIMS.
No.                      234U238U                     235U238U                 236U238U
observed certified observed certified observed certified
1 0.0000545 0.0000546 0.0101408 0.010140 0.0000694 0.0000687
2 0.0000547 0.0101428 0.0000695
3 0.0000547 0.0101467 0.0000695
4 0.0000546 0.0101407 0.0000691
5 0.0000545 0.0101414 0.0000689
Mean 0.0000546 0.0000546 0.0101424 0.010140 0.0000692 0.0000687
SD(2) 0.0000002  0.000005  0.0000005
The measured isotope ratios, 234U238U, 235U238U and 236U238U, of two uranium
ore samples are given in Table 7. The 235U238U is comparable to well-known “normal
terrestrial” ratio of about 0.00725. The original ratio was established in the r-process of
nucleosynthesis in a stellar, presolar environment and has then decreased due to
-decay since that time, leading to the present terrestrial value. The instrument
detection limit for the ratio 236U238U was calculated as three times the standard
uncertainty of the background rate divided by the typical 238U intensity (238U  2 ×
10–11 A). This yields a value for the detection limit of 1.2 × 10–10. Some 236U has been
found in exceptional natural samples e.g. Oklo reactor.
We have carried out the isotopic measurement of uranium from same soil
samples with the objective of detecting any variation in its isotopic composition and
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presence of any potential source of anthropogenic uranium. A representative duplicate
set of samples from contaminated area is given in Table 8.
Table 8. Uranium isotopic composition measured by TIMS in South
Serbia soil samples.
Sample 234U238U 235U238U 236U238U
ID
JLK 0.0000549 0.0072548 ND
Ser 1 0.0000544 0.0071127 ND
Ser 2 0.0000442 0.0060617 5.7 × 10–6
Ser 3 0.0000534 0.0071194 2.86 × 10–8
Ser 4 0.0000144 0.0020332 4.32 × 10–6
Ser 5 0.0000155 0.0020971 4.12 × 10–6
Ser 6 0.0000201 0.0023801 5.61 × 10–6
Ser 7 0.0000539 0.0071101 ND
Isotope ratios for samples Ser 1 and Ser 7 fall in the range expected for natural
uranium. However, other samples show a spread in uranium isotope ratio well outside
the 99.7% confidence limit. This shows the heterogeneity in the distribution of
isotopically depleted material within the soil. From duplicate runs of each sample, one
can confirm that such deviations from natural ratios were readily reproducible at
statistical levels predicted by standard measurements.
Normally U234U238 ratio is expressed as activity ratio. In case of some sample,
there is a significant decrease in the natural abundance of 234U in the samples. The
lowest was noticed in case of Ser 4. In case of secular equilibrium, 238U, with a half-
life of 4.47 × 109 years would be in secular equilibrium with all its daughters, including
234U, with half-life of 2.45 × 105 years. Therefore, 234U238U atomic abundance ratio
would be 2.45 × 1054.47 × 109 = 54.8 × 10–6 (or 54.8 ppm) which is the expected
ratio [8]. At the same point, depletion of 235U has been found. This indicates that
depletion of 235U is present in soil samples of target area. However, we have noticed
some points near to Ser 1 or Ser 7 which is close to normal value of 235U238U ratio
(0.00725). Another effect is the remarkable enhancement of 236U in the depleted soil
sample. This is judged to be sudden introduction of 236U produced by the bombardment
of penetrators. It is worthwhile to note that 236U is considerably enhanced in some
samples. Although its production is less, 236U238U indicates anthropogenic activities or
a neutron burst, 235U (n, ) 236U on the bombardment. However, some papers have
noticed the presence of 236U in penetrators [24] and also in soil samples [25,26].
Concentration of 238U versus 235U238U was plotted (Figure 1) to notice the effect
of depleted uranium. As the concentration of uranium increases, there is a significant
presence of DU in the soil sample.


4. Conclusions
It is possible to measure 234U238U, 235U238U and 236U238U, to a better than 0.2%
at two standard deviation (sd). This method should be applicable to a wide range of
environmental and geological problems which are limited by sample size or for which
higher precision is required. However, while measuring 236U238U ratio, the possibility of
distinguishing between different samples is limited by the instrument detection limit.
Therefore, the natural abundance of 236U may be still lower than that detected by the
present instrument. This method can be used more precisely to determine the
235U238U ratio in Ukraine, Russian and Serbian soil samples and puts a limit on the
variability of this ratio.
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